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Abstract The combination of fibers with traditional
reinforcement may be a very interesting design solution
to achieve more durable and economical structures.
This paper deals with the analysis of the aforementioned
solution through the study at serviceability and ultimate
limit states. For this purpose, a total of eighteen concrete
slabs were produced (3 9 1 9 0.2 m) with different
reinforcement configurations, types of fibers (steel and
plastic) and the fiber dosage used (0.25 and 0.50%).
These slabs were tested under the configuration of a four
point bending test. The results of this experimental
campaign were used in the study of the cracking and
deflection of the various types of concrete, tackling the
analysis from several points of view.
Keywords Cracking  Fiber-reinforced concrete 
Traditional reinforcement
1 Introduction
The traditional uses of fiber reinforced concrete (FRC)
have been pavements and subterranean construction
[1]. In those applications, fibers were used for the only
purpose of improving the durability of the element due
to their effectiveness with regard to cracking control at
early ages and in the hardened state. Nevertheless, the
structural contribution of the fibers was not taken into
consideration in terms of project or design. Among the
factors that prevented the structural application of the
fibers, it is worth highlighting two: the difficulty in
estimating the economic advantages of FRC and the
lack of experience in their application.
The lack of regulations or recommendations [2] has
limited the development of FRC as a competitive
structural solution. However, the publication of sev-
eral regulations and instructions (the German regula-
tion: DBV, 2001 [3], the Italian code CNR-DT 204,
2006 [4] and the Spanish Instruction EHE, 2008 [5]) as
well as recommendations for its design (RILEM, 2003
[6]) has caused the application of FRC for structural
purposes to increase significantly in recent years.
Likewise, the efforts of the researchers towards
understanding the material and its structural response
must also be highlighted. There have been numerous
experimental campaigns to study the mechanical prop-
erties of FRC: the compressive strength [7], the flexural
behavior [8–10], the pull-out [11–14], the tensile
strength [15], the tension stiffening [16] and the fatigue
in compression [17]. There are also studies that present a
hybrid solution that combine different types of fibers:
micro and macro steel fibers (SF) [18, 19] or steel and
plastic fibers (PF) (polypropylene polyolefin and nylon)
[20–22]. The purpose of this solution is to optimize the
mechanical properties by combining the properties of
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each type of fiber. In recent years, research has been
carried out with the goal of substituting the traditional
reinforcement of concrete, totally or partially, by
structural fibers1 given their contribution to resist tensile
stresses in the section [23, 24].
The capacity of the structures to bear internal
stresses produced by external loads is as important as
the capacity of a structure to resist environmental
effects: physical or chemical attacks as well as other
deteriorating processes, with a minimum of mainte-
nance. Cracks turn concrete structures into permeable
elements, thus entailing a high risk of corrosion.
Cracks not only reduce the quality of concrete and
make it aesthetically unacceptable, but may also end
up rendering the structures unserviceable.
Durability is, together with function and aspect
considerations, one of the criteria on which the
necessity to limit the crack opening is based. The
research works dealing with cracking of FRC [16, 25,
26] show that the presence of fibers in the concrete
helps achieving this goal due to the increase in the
crack-bridging capacity.
2 Research significance
There are numerous references in the literature to
experimental campaigns with FRC elements at the
level of sample or specimen [7, 9, 11, 16]; however,
the results regarding the response of FRC elements at
full scale are more unusual [24, 27, 28], as well as
those of elements with mixed reinforcement [26, 29,
30]. This is particularly true for elements with mixed
traditional reinforcement emerge as a very competi-
tive design solution to obtain more durable and
economical structures [23]. Consequently, this paper
deals with the analysis of the aforementioned solution
from a global point of view pursuing the double aim
of:
– Introducing the results from an experimental
campaign [29, 30] about concrete slabs with mixed
reinforcement (conventional reinforcement and
fibers) with several combinations of fibers types
and volume.
– Studying and analyzing in detail the role played by
fibers in the cracking and deflection response of
elements with a mixed reinforcement.
Along with the numerical tools for calculation [31],
the information available in this paper provides the
project engineer with the opportunity to apply FRC
more confidently. Therefore, this research contributes
to the knowledge of FRC in the structural field, thus
contributing also to spread its use.
3 Experimental program
3.1 Specimens
The elements tested are simply-supported slabs with a
length of 3 m, a width of 1 m and a height of 0.20 m.
These slabs have a combined reinforcement consisting
of a conventional reinforcement and fibers (except in
the case of two control elements which are only
reinforced with conventional reinforcement). As shown
in Fig. 1, the conventional reinforcement is made up of
seven bars with a diameter of 16 mm in longitudinal
direction and bars with a diameter of 8 mm every
20 cm in transversal direction (B500S). The concrete
cover is 35 mm in the longitudinal reinforcement and
50 mm in the transversal reinforcement.
The slabs were cast at the Bekaert S.A. laboratory
(Belgium) and subsequently transported to Barcelona
in order to be tested at the UPC Structures Technology
Laboratory.
3.2 Materials and mixture
In addition to the conventional concrete slabs, eight
types of FRC were prepared varying the types and
contents of fiber.2 The characteristics of the con-
crete used are: a water/cement proportion of 0.55,
300 kg/m3 of cement, a maximum aggregate size of
16 mm and a super-plasticizing content of 1.5%. The
consistency of the mixture is soft (S4) according to
the Eurocode 2 [32]. The strength class of the FRC
was C25/30.
1 The most recent regulations, such as CNR-DT 204 and EHE-
08, make a distinction between structural and non-structural
fibers. This change in terminology has significant consequences
as regards the application of the fibers.
2 Despite the fact that fibers reduce the workability of concrete,
in this case it was not considered necessary to modify the
concrete mix of the FRC, because of the workability shown by
both types of concrete: RC and FRC.
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The fiber content in the elements with mixed
reinforcement is 0.25% of the total volume (which
corresponds to 20 kg/m3 of SF and 2.28 kg/m3 of
polypropylene) and 0.50% of the total volume
(40 kg/m3 of SF and 4.55 kg/m3 of polypropylene
fibers). Two types of hooked-end SF glued in bundles
(SF1 and SF2) and also two types of polypropylene
fibers (PF1 and PF2) were used, the characteristics of
which are shown in Table 1.
Altogether, 18 concrete slabs as the one described
in Fig. 1 were produced (two elements per each fiber
type and dosage). The notation used to refer to the
slabs indicate the type of reinforcement (RC, SF1,
SF2, PF1 or PF2), the fiber dosage (0.25 or 0.50%) and
the element (A or B; this corresponds to each of the
two elements per type of reinforcement and fiber
dosage). Therefore, the following would be an exam-
ple of notation: PF1 0.25%_A or RC_B. The RC
abbreviation corresponds to the elements with con-
ventional reinforcement without fibers (considered to
be standard elements), whereas SF1, SF2, PF1 and
PF2 correspond to the elements with mixed reinforce-
ment according to the type of fiber.
Apart from the slabs, concrete was also poured on
six prismatic samples and on six cubic samples for the
characterization of the flexural strength and compres-
sive strength, respectively. All the elements (slabs and
samples), were compacted by means of external
vibration. The notation used in the case of the samples
is the same as the ones used for the slabs (indicating
type of fiber and dosage). The characterization tests
correspond to the compressive strength in cubic
sample (150 9 150 9 150 mm) according to the
European regulation EN 12390-3:2009 [33] and to
the flexural strength test on the prismatic sample
(150 9 150 9 600 mm) according to the regulation
EN 14651:2005 [34].
Table 2 shows the results of the bending tests on
beams according to [34] for the dosages of 0.25 and
0.50%. It should be pointed out that these tests present
a high scatter (usually above 20%) as has been
reported in literature [35, 36]. Likewise, the use of
macrofibers (as in this case) provides a much higher
scatter in the results than if microfibers had been used
[37]. In this sense, regarding the global results
presented in the following sections, the use of rebars
leads to a severe reduction of the scatter associated
with the mechanical response of the tested slabs.
The results in Table 2 show the difference in post-
cracking behavior between the SF with hooked ends
and the polypropylene macrofibers. The latter presents
lower residual strengths due to the low modulus
elasticity in comparison with SF. Considering a
CMOD of 3.5 mm, the residual flexural strengths
shown are higher for PF2 elements than PF1 elements:
146% higher in the case of the 0.25% content, and a
56% for the content of 0.50%. SF, in 0.50% content,
show an increase with regard to PF1 much more
significant with percentages of 260% for the SF1 fibers
and of 376% for the SF2 fibers.
The fact that the SF2 fibers have a larger diameter
than the SF1 fibers allows the former to withstand
3 m 1 m 
0.2 m 
Φ8/20cm 7Φ16 Φ8/20cm 7Φ16
Fig. 1 Conventional reinforcement in the slabs
Table 1 Fiber
characteristics (data
provided by the
manufacturer)
Characteristics Steel fiber Polypropylene fiber
SF1 SF2 PF1 PF2
Length (mm) 35 60 55 40
Equivalent diameter (mm) 0.55 0.75 0.80 0.44
Aspect ratio 64 80 70 90
Tensile strength (MPa) 1100 1050 300 620
Modulus of elasticity (GPa) 210 210 3.0 9.5
Number of fibers per kg 14,500 4600 39,000 176,000
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higher tensile stresses. Likewise, the transfer length
(the length necessary to develop its maximum strength
capacity by means of a bond stress transfer mecha-
nism) has an influence over the anchorage capability
of the fibers. The long fibers (SF2) with a length of
60 mm (see Table 1) turn out to be more active in
bridging the cracks when the cracks are bigger,
providing a more stable post-cracking response.
However, the shortest fibers (SF1) with a length of
35 mm (see Table 1), in spite of being very efficient
for the control of smaller cracks (since there is a higher
amount of fibers crossing the crack mouth opening
with respect to concrete with longer fibers), become
less active as the crack increases due to the fact that
they are subjected to higher pullout forces [18].
Finally, they reach a point when the fiber length
embedded in the concrete is insufficient for them to
take part in the transfer of stress mechanisms. The
constitutive laws can be deduced from the results
obtained by means of the 3-point bending tests. The
constitutive models presented in Fig. 2a correspond to
the one proposed by RILEM [6] which consists of a
trilinear r–e model. The models presented in Fig. 2b, c
correspond, respectively, to the simplified stress-crack
Table 2 Flexural strength and residual strengths obtained from the bending tests according to [34]
Fiber content 0.25% 0.50%
fL fR,1 fR,2 fR,3 fR,4 fL fR,1 fR,2 fR,3 fR,4
SF1
Average value (MPa) 3.84 2.55 2.44 2.22 1.99 3.62 4.1 4.18 3.94 3.49
Standard deviation (MPa) 0.33 0.89 0.95 0.85 0.71 0.45 0.89 0.96 0.92 0.84
COV (%) 8.48 34.94 38.76 38.27 35.91 12.33 21.75 22.95 23.37 24.10
SF2
Average value (MPa) 3.35 2.96 3.16 3.23 3.1 3.12 3.93 4.49 4.56 4.62
Standard deviation (MPa) 0.17 0.67 0.83 0.87 0.82 0.37 0.69 0.97 1.03 0.93
COV (%) 5.19 22.50 26.21 27.03 26.56 11.91 17.56 21.54 22.64 20.07
PF1
Average value (MPa) 2.61 0.83 0.46 0.39 0.39 3.51 1.15 0.95 0.94 0.97
Standard deviation (MPa) 0.19 0.18 0.10 0.10 0.08 0.22 0.27 0.25 0.27 0.29
COV (%) 7.36 21.47 20.86 25.22 20.74 6.13 23.32 25.73 28.15 30.47
PF2
Average value (MPa) 3.21 1.28 1.15 1.08 0.97 2.98 1.77 1.65 1.59 1.52
Standard deviation (MPa) 0.21 0.06 0.12 0.12 0.04 0.32 0.40 0.41 0.38 0.36
COV (%) 6.42 4.86 10.22 10.67 4.63 10.59 22.81 24.94 23.77 23.56
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Fig. 2 a RILEM trilinear model; b MC rigid-plastic model; c MC linear model
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opening constitutive laws: a plastic rigid behaviour
and a linear postcracking behavior proposed in the
new fib Model Code [38].
Further analysis of the main models and constitu-
tive equations proposed Europe-wide for the use of
structural fiber-reinforced concrete [3–6] and a
detailed comparative study to determine the capacity
of each model to predict FRC structural behavior with
the slabs data here analyzed can be found in [39].
3.3 Test setup and procedure
The tests were carried out with an MTS piston and the
setup follows an isostatic configuration similar to a 4
point bending test (see Fig. 3). The rotation in both
supports is free and the horizontals movements are
restrained only in one of the supports, as indicated in
Fig. 3.
The tests were carried out at the Laboratory of
Structure Technology by means of a MTS load frame
with a maximum capacity of 1000 kN. The piston of
the load frame is connected in one end to a gantry
crane by means of a tridimensional joint. The slabs are
loaded by means of a stiffened steel beam (IPN 550)
(see Fig. 3) that is connected to the piston. The load
transmitted by the mentioned beam is transferred to
two steel beams (HEB 140) located all along the width
of the slabs. These two other steel beams ensure a
continuous loading line in the width of the element and
are designed to have a minimum influence in the
results of the test. Between the two steel beams and the
top of the slab, a layer of neoprene, is placed to ensure
full contact in the loading surface.
The test is performed with displacement control,
gathering all yielding phenomena that occur during the
test, at a constant displacement rate of 0.025 mm/s.
The loading procedure consists of stages of 20 kN up
to 100 kN (45% of the final load in the tests of RC
elements), moment in which the load is applied
continuously without stopping. Each of the mentioned
stages is 20 min long approximately; during which the
last 10 min are used to mark the cracks in both sides of
the slabs, taking photographs of the cracks in order to
subsequently draw the crack pattern thus plotting the
history of cracking propagation.
3.4 Measurements
During the test, the main variable to be measured,
apart from displacement, was crack width. With this
aim, displacement transducers were placed horizon-
tally on both sides of the slab in order to measure crack
opening. These transducers were arranged in such a
way that they measured the central 45 cm of the slab
where pure-bending took place. A third transducer was
placed, in the midspan section, in order to determine
deflection.
With the records from those measurements it was
possible to analyze parameters related to cracking,
resistant capacity, stiffness loss, number of cracks,
crack spacing and crack width and distribution.
4 Results
The results presented in this paper are structured in
three main sections depending on the variables ana-
lyzed: crack number and spacing, crack width and
displacement. In the analysis of both crack width and
displacement, a thorough study is performed, taking
into consideration the serviceability limit state and the
ultimate limit state with the purpose of obtaining a
global view of the behavior of the elements.
4.1 Crack number and spacing
The analysis of the spacing between cracks experi-
mentally obtained was limited to the central 90 cm of
the slab so as to prevent a possible interaction with
cracks due to shear in the area close to the supports.
Fig. 3 Test setup and
dimensions
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The set of diagrams in Fig. 4 shows the crack patterns
for the tested slabs following the previously men-
tioned nomenclature.
As previously proved in [40], FRC elements tend to
present deeper positions of the neutral axis with
respect to RC elements, thus, smaller crack spacing
and larger number of shorter cracks is expected to
occur. In this respect, the same phenomenon was
observed in this experimental campaign (see Fig. 4;
Table 3). As it can be observed in the crack pattern,
crack localization did not occur however ramification
was observed in many of the cracks, especially in
those with higher dosage. Likewise, it should be
pointed out that for the slab RC_B, shear cracks have
developed during the test. This sort of cracks has not
appeared in any of the other slabs.
Table 3 shows the mean values of number of cracks
and crack spacing for the tested elements. Likewise,
Table 3 also includes the mean crack spacing values
obtained through the formulation proposed by the
RILEM [6] and CNR-DT 204 [4] for elements
reinforced with fibers and traditional reinforcement.
In general terms, in Table 3 it can be observed that
the addition of fibers causes the appearance of a higher
Fig. 4 Crack pattern of specimens
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number of cracks and, consequently, smaller spacing
between them. This behavior is mainly due to: (1) the
enhancement of the bond between rebars and concrete
due to the presence of fibers, leading to the reduction
of the bond transfer length [16, 41, 42] and (2) the
post-cracking behavior of the concrete reinforced with
fibers.
Crack spacing is directly related to the transfer
length (lt) that establishes the limits of spacing [16].
That would explain why the addition of PF2 fibers (of
40 mm) in the amount of 0.25% (2.28 kg/m3) does not
mean an improvement in crack spacing, and why its
contribution is only evident with greater amounts. It
can be observed that in the slabs with PF1 and SF1
fibers the increase of the amount of fibers does not
involve a reduction in crack spacing (even though it is
smaller than that of slabs without fibers). This
phenomenon leads to think that with small and
moderate amounts (lower than 0.75% in volume),
the increase in fiber dosage has no direct influence
over crack spacing [26].
The crack spacing prediction in Table 3 is obtained
by means of the formulation presented by Vandewalle
[26] on the basis of the experiences in [26] and of Tan
et al. [40] with beam-type elements (later included in
[4, 6]). This formulation includes parameters regard-
ing the geometry of the fibers (length and diameter),
but not regarding the amount of fibers. For this reason
the mean spacing values for the amounts of 0.25 and
0.50% of the volume are the same. Furthermore, if the
experimental results are compared to the prediction, it
can be seen that the latter underestimates the value of
the mean crack spacing.
These differences are due to the fact that the
equations developed on the basis of tests on beam
elements or unidirectional slabs underestimate cracking
width in bidirectional slabs and plates because the
behavior of bidirectional slabs and plates is different
from that of beams or unidirectional slabs. Therefore,
the methods developed on the basis of beam elements
cannot be directly applied in these cases. For those
cases, an equation combining the effect of the rein-
forcement in both directions should be proposed [43].
On the other hand, in the slabs without fibers crack
spacing is clearly ruled by the transversal reinforce-
ment (bars with a diameter of 8 mm every 20 cm).
These results show a fact also sanctioned by practice:
that the existence of a transversal reinforcement makes
the cracks line up with it and even favors the beginning
or the propagation of cracking, as a consequence of the
reduction of the area of collaborating concrete in those
sections. Detailed studies about the contribution of the
transversal reinforcement can be found in [44, 45].
4.2 Crack width
As has been previously mentioned, the crack opening
of the slabs was recorded by means of displacement
transducers. In each case the average of crack width in
the study area (the central 45 cm of the slab) and in
both sides of the slab was measured. In the set of
graphs presented below, the load stages performed
have been removed in order to make the reading and
interpretation of the graphs easier.
4.2.1 Serviceability limit state analysis
Crack widths of 0.3 mm (maximum value admitted by
RILEM [6] for the class of exposition II) and of
0.5 mm (admitted in cases like that of CSTC
Table 3 Average number
of cracks, mean crack
spacing and crack spacing
prediction (based on
RILEM and CNR-DT 204
formulation)
Type
of fiber
Fiber content
(%)
Average number
of cracks
Average crack
spacing (cm)
Crack spacing prediction
in RILEM and CNR-DT
204 (cm)
RC – 10 19.0 17.2
SF 1 0.25 11 15.6 13.5
SF 1 0.50 10 18.6
SF 2 0.25 12 15.9 10.8
SF 2 0.50 13 14.1
PF 1 0.25 13 14.4 12.5
PF 1 0.50 12 17.9
PF 2 0.25 10 19.2 9.5
PF 2 0.50 12 16.0
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pavements [46]) were considered as reference crack
widths for this research study. Then, in order to show
the behavior of the elements in the serviceability limit
state, curves of average crack width (up to 0.5 mm) are
presented, according to the load applied for each type
and the fiber content (see set of graphs in Fig. 5).
The curves in Fig. 5 show the results obtained for
the two elements of each type of fiber and dosage
(designated as element A and element B, ex: SF1
0.25%_A and SF1 0.25%_B). The values in those
curves correspond to the average of the crack width
measured in both sides of the slab.
In Fig. 5a (SF in the amount of 0.25% in volume) it
is observed that the shortest fibers (SF1) enable a
better cracking control. The SF1 0.25%_A element is
the one showing the best behavior, and the SF1
0.25%_B is only slightly surpassed by one of the SF2
0.25%_A elements (Fig. 5b). In Fig. 5c, as the amount
of fibers has been doubled, the most efficient behavior
of the short fibers observed in Fig. 5a is not so evident,
since both the SF1 and SF2 elements, in Fig. 5d, show
a very similar response.
In Fig. 5e, f (amount of fibers of 0.25% in volume)
it can be observed that the elements with polypropyl-
ene fibers, both PF1 and PF2, show a behavior which is
very similar to that of the RC elements. Only in Fig. 5c
does the PF1 0.25%_A element drift away from the
rest with a more favorable response as regards
cracking control during the in-service stage. However,
since this time the dosage was twice the amount of the
previous one, the behavior is significantly different; in
Fig. 5g, h, the PF1 and PF2 elements show an
improvement in their response to cracking in compar-
ison with the RC elements.
The presence of the fibers throughout the whole
concrete section results in an increase in toughness and
in better cracking control since, contrary to what
happens in a conventional concrete, they work
throughout the whole tensile block. This behavior,
already shown in the set of graphs in Fig. 5, is
analyzed in detail in Table 4, which presents the load
values corresponding to the crack widths of 0.3 and
0.5 mm for each element.
The values in Table 4 are indicative of the
remarkable increase in the load for a certain value of
crack width due to the addition of fibers. Observing the
reference value of 0.3 mm for an amount of fibers of
0.50%, the mean increase of the load with regard to
that obtained with the slabs without fibers (RC) is of
29.1% for the SF1 fibers and 39.9% for the SF2 fibers;
whereas for the same dosage but with PF an increase of
23.2% is obtained for the PF1 fibers and a 9.9% for the
PF2 fibers. For the reference value of 0.5 mm, with the
same amount, these load increase values, with regard
to the RC elements, are 37.7, 42.4, 29.6 and 14.6% for
the SF1, SF2, PF1 and PF2 elements, respectively.
Therefore, as crack width increases, the difference is
accentuated.
4.2.2 Ultimate limit state analysis
If we extend the analysis to larger crack widths, we can
analyze the behavior of the elements in ultimate limit
state. Figure 6 show the global response of the tested
slabs for the contents of 0.25 and 0.50% in volume and
steel and polypropylene fibers.
The crack widths for 100, 150 and 200 kN are
gathered in Table 5 (as well as the values obtained
applying the RILEM formulation [6]). The majority of
the cracks along the whole length of the element were
already formed at those load levels. Thus, it can be
considered a stabilized cracking where the contribu-
tion to the strength of concrete is practically negligible
(except between cracks, due to the stiffening mecha-
nism of concrete and the elastic part in the hollow of
the crack). Consequently, the responsibility for
absorbing the strain stresses belongs to the fibers and
the rebars.
The results from the tests (‘‘Measured’’ in Table 5)
indicate that the elements with SF1 fibers show an
improvement with regard to the RC elements, for
which the amount of fibers does not seem to be
significant, since they present results very similar for
the two amounts used. In the case of the SF2 elements,
a higher increase takes place when changing from 0.25
to 0.50% in volume. Between the elements with
polypropylene fibers, the PF1 show a better response
for an amount of 0.25% in volume, and the PF2 for
0.50%. Still, the best response of the PF2 elements
with regard to the rest of the elements with the amount
of 0.50% in volume for the three load levels may be
indicative of some irregularity in the placing of the
reinforcements or of a higher number of fibers in the
hollow of the crack.
In some of the elements with SF a position of the
reinforcement higher than the theoretical one was
detected. This phenomenon gives rise to a smaller
mechanical arm and, consequently, to a worse
714 Materials and Structures (2012) 45:707–725
(b) (a) 
(d) (c) 
0
25
50
75
100
125
150
0.0 0.1 0.2 0.3 0.4 0.5
Lo
ad
 (k
N)
Crack width (mm)
SF1 0.25%_A SF1 0.25%_B
RC_A RC_B
0
25
50
75
100
125
150
0.0 0.1 0.2 0.3 0.4 0.5
Lo
ad
 (k
N)
Crack width (mm)
SF2 0.25%_A SF2 0.25%_B
RC_A RC_B
0
25
50
75
100
125
150
0.0 0.1 0.2 0.3 0.4 0.5
Lo
ad
 (k
N)
Crack width (mm)
SF1 0.50%_A SF1 0.50%_B
RC_A RC_B
0
25
50
75
100
125
150
0.0 0.1 0.2 0.3 0.4 0.5
Lo
ad
 (k
N)
Crack width (mm)
SF2 0.50%_A SF2 0.50%_B
RC_A RC_B
(f) (e) 
(h) (g) 
0
25
50
75
100
125
150
0.0 0.1 0.2 0.3 0.4 0.5
Crack width (mm)
PF1 0.25%_A PF1 0.25%_B
RC_A RC_B
0
25
50
75
100
125
150
0.0 0.1 0.2 0.3 0.4 0.5
Lo
ad
 (k
N)
Crack width (mm)
PF2 0.25%_A PF2 0.25%_B
RC_A RC_B
0
25
50
75
100
125
150
0.0 0.1 0.2 0.3 0.4 0.5
Lo
ad
 (k
N)
Lo
ad
 (k
N)
Crack width (mm)
PF1 0.50%_A PF1 0.50%_B
RC_A RC_B
0
25
50
75
100
125
150
0.0 0.1 0.2 0.3 0.4 0.5
Lo
ad
 (k
N)
Crack width (mm)
PF2 0.50%_A PF2 0.50%_B
RC_A RC_B
Fig. 5 Load–crack width curves in serviceability limit state for steel fibers (a–d) and polypropylene fibers (e–h) for both fiber contents:
0.25 and 0.50% in volume
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response than expected. Nevertheless, in the elements
with PF2 fibers this irregularity was not detected.
Likewise, the PF2 fiber, due to its properties (see
Table 1), shows a higher amount of fibers in the
section than the rest of the fibers, which favors
cracking control. These two factors may be the reason
for the results in Table 5.
The results in Table 5 also show that the RILEM
formulation for the prediction of crack width under-
estimates the values of crack width for this particular
case of study. The larger difference between the values
is observed for PF1 0.50% in all three load levels (100,
150 and 200 kN) with values 67.7, 54.3 and 54.3%
respectively.
4.2.3 Analysis of the increment in load-crack
width curve
Given the influence of traditional reinforcement in the
flexural behavior of the slabs, it is interesting to study
the results in relative terms, in other words, to present
the results of the FRC in terms of the increment of load
due to the presence of fibers with regard to the load
obtained for the RC slabs. For this purpose, the
increment of average load (in %) has been calculated
for several values of crack width (ranging from 0 to
Table 4 Values of load for crack widths of 0.3 mm and
0.5 mm
Type of
concrete
Fiber
content (%)
Load (kN) at
w = 0.3 mm
Load (kN) at
w = 0.5 mm
RC – 69.0 101.5
SF 1 0.25 88.5 124.5
SF 2 0.25 88.0 132.5
SF 1 0.50 89.1 139.8
SF 2 0.50 96.5 144.5
PF 1 0.25 85.0 119.8
PF 2 0.25 72.8 107.3
PF 1 0.50 85.0 131.5
PF 2 0.50 75.8 116.3
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Fig. 6 Load–crack width
curves for steel (a, b) and
polypropylene fibers (c, d)
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2.0 mm). Figures 7 and 8 present the results for SF and
PF respectively. Generally speaking, it can be consid-
ered from the results in both figures that the increment
in average load for a given crack width increases up to
a certain value and from that value onwards it
noticeably decreases until it becomes stable.
In Fig. 7, both types of fibers have a high aspect
ratio, but one of them is nearly twice as long as the
Table 5 Crack widths at
three load levels: 100, 150
and 200 kN
Type of
concrete
Fiber content
(%)
Crack width (mm)
At 100 kN At 150 kN At 200 kN
Measured RILEM Measured RILEM Measured RILEM
RC – 0.50 – 0.80 – 1.19 –
SF 1 0.25 0.32 0.152 0.55 0.271 0.77 0.393
SF 1 0.50 0.33 0.104 0.54 0.221 0.77 0.344
SF 2 0.25 0.36 0.110 0.58 0.208 0.78 0.307
SF 2 0.50 0.32 0.088 0.53 0.182 0.75 0.283
PF 1 0.25 0.40 0.186 0.64 0.311 0.88 0.426
PF 1 0.50 0.35 0.237 0.55 0.299 0.76 0.413
PF 2 0.25 0.44 0.138 0.68 0.224 0.90 0.312
PF 2 0.50 0.31 0.127 0.49 0.213 0.68 0.320
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other (see Table 1). For the amount of 0.25% in
volume, the elements with short fibers (SF1) begin
working before those with long fibers (SF2) do, since
the load increments admitted for small crack widths
are higher. However, the SF2 elements admit higher
load increments once the in-service stage has been
surpassed, more specifically from a crack width of
0.8 mm onward. This behavior is due to the fact that
the fibers with different sizes begin working and turn
out to be more efficient in different stages of the
cracking process [27, 47].
The short fibers take part in the bridging of the
cracks when they are small since the number of short
fibers in the concrete is higher than the number of long
ones, providing an increment in the residual strength
for small crack widths. As cracks grow bigger and
become macrocracks, the longest fibers become more
active in the bridging process improving the ductility
and the residual strength [18], since some of the short
ones have already lost anchorage. Nonetheless, the
behavior just described does not repeat itself in the in
serviceability limit state for the amount of 0.50% in
volume. In this case, both types of elements (SF1 and
SF2) offer a very similar response (the increments of
SF2, with long fibers, being slightly higher). One of
the possible reasons for this difference is put forward
later on, on the basis of Fig. 9. For higher cracking
widths, however, it is fulfilled that the long fibers are
more active and, therefore, higher load increments are
admitted.
In both figures (Figs. 7, 8), in the last section of the
curve the load increase becomes stable and remains
more or less constant from a crack width of 1.3 mm
onward, with percentage increments with regard to the
RC elements of 8.8 and 11.6% for SF1 and SF2, and
8.1 and 7.2% for PF1 and PF2, respectively (for the
fiber amount of 0.25% in volume); of 18.0 and 21.6%
for SF1, SF2; 11.3 and 13.6% for PF1 and PF2 (for the
fiber amount of 0.50% in volume).
Figure 9a shows the contribution of each of the
components of FRC in the stress–strain curve of FRC.
The previously described tendency (Figs. 7, 8) about
load increase is outlined in Fig. 9b, indicating also the
various stages and relating them to the stress–strain
curve of FRC.
The diagram in Fig. 9a coincides with the direct
approach proposed in [48], which starts from studying
concrete with fibers as a superposition of three factors:
mass concrete, fibers and the interaction between both
materials (adherence loss). The superposition of each
of these phenomena shows the growing contribution of
fibers after the cracking of the concrete matrix (r1, e1)
up to a maximum residual stress (r2) which is
conditioned by the interaction between the materials.
During crack growth and under a scenario of perfect
bond conditions, the strengthening contribution of all
the fibers in the cross-section would be equal to the one
of a steel rebar, increasing progressively until its
tensile yield strength is achieved. However, in most of
the situations fibers are pulled out from the cement
matrix and, consequently, a specific bond strength law
has to be considered to account for the pullout
behavior of fibers. This interaction usually leads to a
loss of adherence, beginning with eadh, r2 being lower
than the theoretical maximum contribution of the
fibers (rf). This has been represented as a negative
stress (Fig. 9a) trying to show, in this conceptual point
of view or philosophy approach, that the debonding
leads to a loss in the fibers contribution. More details
of this FRC approach can be found in [14].
As a result of what has been stated, in Fig. 9b three
stages can be identified. After an instantaneous loss of
stiffness due to cracking, the contribution of fibers
begins in point A, which results in an increase in load
admissible for a given crack width with regard to the
slabs without fibers. The contribution of fibers grows
up to point B, the moment when the fibers reach their
maximum efficiency (or maximum contribution). The
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Fig. 9 a Contribution of
each component of FRC to
the stress-strain model;
b diagram of the behavior
observed in Fig. 12
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slope of that section (A–B) is ruled by the type and
amount of fibers. From point B onward, fibers lose
adherence and slide, which results in a reduction of
load increment with regard to the slabs without fibers,
until it becomes stable from point C on, when fibers
work under a pullout mechanism.
4.2.4 Analysis of efficiency
In Fig. 10 a more detailed analysis of the serviceabil-
ity limit state (considering a maximum crack width of
0.5 mm) is shown. For this purpose, the quotient
between the load increment (%) for a given crack
width was calculated for each type and amount of
fibers, and then it was divided by the maximum load
increment detected in Figs. 7 and 8. This value is
indicative of the efficiency of the fiber for small crack
widths, that is, it shows how close to its maximum
contribution for the different crack widths the fiber is.
The values in Fig. 10 indicate that SF have a
behavior close to their maximum contribution (values
close to 1) from the moment cracking begins (effi-
ciencies ranging from 60 to 90%). The polypropylene
fibers do not reach such a high performance for the
crack widths studied (from 0.25 to 0.50 mm) in Fig. 7
with values ranging from 20 to 80%. This phenom-
enon indicates a higher efficiency of the SF for lower
widths, favoring cracking control from the first stages
of crack formation. Likewise, it is observed that for the
smallest dosage (0.25% in volume) the short steel fiber
(SF1) shows values higher than those of the long fiber
(SF2), developing a contribution closer to the maxi-
mum one for small crack widths. An explanation for
this phenomenon can be found in the higher number of
fibers crossing the cracks.
The results indicate that the amount of fibers plays a
prominent role in the global behaviour as has already
been reported in other studies [9, 49].This fact is more
evident in the case of the chosen dosages of polypro-
pylene fibers.
4.3 Deflection
4.3.1 Serviceability limit state analysis
For this analysis, displacements of the midspan up to
5 mm are considered, thus the load-displacement
curves are limited to that range of deflection. Fig-
ure 11 shows the curves for of each pair of elements
(element A and element B) corresponding to an
amount of fibers, for example: SF1 0.25%_A and PF1
0.55%_B.
In Fig. 11a the elements showing a better behavior
turn out to be the SF1 0.25%. In Fig. 11b, while for the
SF2 elements there is a clear improvement in the
behavior when the amount of fibers is doubled, this
does not take place in the SF1 elements. In the case of
elements with polypropylene fibers, PF1 0.25%
(Fig. 11c) elements are the ones showing the best
result and, in the cases of both PF1 and PF2, the
increase in the amount of fibers does not result in an
improvement of the behavior in service (Fig. 11d).
4.3.2 Ultimate limit state analysis
The measurement of deflection has been recorded by
means of displacement transducers in the midspan of
the slab. Figure 12 shows the load-displacement
curves for the two types and two amounts of fibers,
0.25 and 0.50% in volume.
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Fig. 10 Efficiency of the fiber versus crack width at serviceability limit state
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Taking a deflection of 30 mm (value that corre-
sponds to the stabilization of the fiber contribution
mentioned in Sect. 4.2.3) as a reference, it is now
analyzed the contribution of the fibers with respect to
the RC elements. The addition of 0.25% of fibers
means a load increment for the given value of
deflection of 5.7% and 8.7% for SF1 and SF2 (in
Fig. 12a) and 5.4% and 4.5% for PF1 and PF2
(Fig. 12b). Doubling the dosage (Fig. 12c, d), the
load increment also doubles for 30 mm of deflection.
The percentages in that case are 13.9, 17.7, 8.3, and
9.9% for SF1, SF2, PF1 and PF2 respectively.
In the load–displacement curves shown in Fig. 12,
three stages can be distinguished: pre-cracking, post-
cracking and yielding of the reinforcement.
In the first stage, a linear behavior can be assumed
for any of the materials the section is made of. This
linear behavior between stresses and strains of the
materials is maintained until concrete cracks when it
reaches a strain stress fctm, which takes place at
Mcracking. During the cracking process, the stresses
endured by the strained block of concrete are
transmitted to the steel through the mechanisms of
adherence and compatibility of strain existing between
them.
During the second stage, concrete has cracked and
both the steel bars and the fibers begin to develop their
resistance task. Finally, the third stage corresponds to
the load section subsequent to the yielding of the
reinforcement.
In order to be able to analyze the behavior of each of
the tested slabs, the slope of the lines which make up
each of the three stages has been calculated. A linear
behavior of the element is accepted for the three
stages, but non-sectional in the second and third ones
due to cracking; therefore, the global behavior is not
linear. Table 6 shows the values of the slopes
(expressed in kN/mm) of the three stages for each of
the elements studied.
The values in Table 6 are indicative of the previ-
ously described behavior. Regardless of the fact that
the experimental campaign is not wide enough to
propose firm conclusions about it, it can be noticed
that the addition of fibers implies an increase of the
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curves in serviceability limit
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slope studied for all the cases and stages object of
analysis. This increase is especially significant in the
first stage. That would mean, then, that the addition of
fibers significantly modifies the elastic module of
concrete. In the second stage there is a decrease in
stiffness due to the cracking of the matrix. The same
occurs in the third stage when, after the plastification
of the reinforcement, the curve slope diminishes until
it becomes almost horizontal.
It must be noted that in these stages the contribution
of the fibers also involves an increase of the slope,
even if not as pronounced as in the first stage, and with
small differences between the type and amount of
fibers used. Since the only difference that exists
between the various slabs as regards materials is the
type of fiber, there should not be noticeable differ-
ences in the curve slopes before cracking. In that stage
the strengthening action of the fibers has not yet been
activated, therefore the behavior of the elements
should be practically identical. However, the values
in Table 6 show differences in the slopes of the stage
prior to cracking.
A comparison between the experimental stiffness
and the theoretical stiffness (calculated by means of
a numerical model of sectional analysis [31]) can
be found in [39], where the experimental and
theoretical load–displacement curves corresponding
to the experimental campaign herein presented are
plotted.
4.3.3 Energy absorption capacity
The addition of fibers has a very significant influence
over the energy absorption capacity of concrete, this
being one of the properties most benefitted by the
presence of the fibers [50–52]. Given the influence of
the energy absorption capacity over the behavior of the
structure, especially over elements such as segmental
lining or slabs on soil [53, 54], there are in the
literature numerous approaches to the evaluation of
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said property: toughness indexes, factor of toughness
under deflection and fracture energy [55–57].
The definition of toughness in terms of energy
absorption, according to JSCE-SF4, 1984 [56], is
calculated for a standard-sized sample as the area
under the load-displacement curve up to a limit of
L/150. There exist similar indexes proposed in other
regulations, such as IBN, 1992 [58]; DBV 1991 [59],
1992a [60], 1992b [61] and AENOR UNE 83-510
[62].
In this case, an approximation of the absorbed
energy was carried out on the basis of the load-
displacement relationship recorded during the tests by
calculating the area under said curve. Table 7 shows
the results of absorbed energy (for a displacement at
midspan of 40 mm of the tested slabs) depending on
the type of reinforcement. Likewise, the increase in
energy absorption capacity as a result of the addition
of fibers, with regard to the reference element (RC), is
also indicated.
The percentages in Table 7 show a clear increase in
the energy absorption capacity of the elements rein-
forced with fibers with regard to the RC elements. For
a dosage of 0.25% in volume of fibers the contribution
in terms of absorbed energy is practically identical
(between 9 and 10%) for PF and SF. However, while
the SF double the increase in absorbed energy when
the dosage is doubled (an average of 19.67% for the
dosage of 0.50%), the PF do not yield such satisfactory
results (an average of 13.62% for the dosage of
0.50%).
5 Conclusions
On the basis of the elements herein presented and the
results obtained from testing them, the following
conclusions can be reached:
– The addition of fibers diminishes the spacing
between cracks owing to a higher transmission of
stresses to concrete through adherence mecha-
nisms. Nevertheless, even though generally speak-
ing crack spacing decreases as dosage increases, in
certain cases said relationship is not so clear.
– The formulation for the prediction of crack
spacing proposed in [4, 6] provides lower
values compared to the experimental results. This
Table 6 Slope of the load-deflection curve for each stage (in
kN/mm)
Fiber content (%) Specimen Stage 1 Stage 2 Stage 3
– RC_A 16.5 7.90 0.373
RC_B 14.6 7.90 0.389
0.25 SF1_A 20.7 8.80 0.548
SF1_B 38.4 8.40 0.457
0.25 SF2_A 21.9 8.90 0.682
SF2_B 12.5 8.20 0.577
0.25 PF1_A 33.3 9.01 0.417
PF1_B 33.6 9.34 0.404
0.25 PF2_A 16.8 8.73 0.514
PF2_B 25.7 9.65 0.441
0.50 SF1_A 20.7 9.20 0.711
SF1_B 22.7 10.90 0.687
0.50 SF2_A 31.7 9.40 0.751
SF2_B 34.1 10.40 0.805
0.50 PF1_A 29.4 9.03 0.539
PF1_B 18.9 10.04 0.517
0.50 PF2_A 18.3 9.18 0.514
PF2_B 20.3 10.10 0.616
Table 7 Absorbed energy
up to a deflection of 40 mm
Reinforcement Absorbed energy
(kN mm)
Increase (%) Reinforcement Mean
increase (%)
RC 5997.5 – RC –
SF1 0.25% 6646.6 10.82 SF 0.25% 9.76
SF2 0.25% 6520.0 8.71
PF1 0.25% 6620.0 10.38 PF 0.25% 9.02
PF2 0.25% 6456.7 7.66
SF1 0.50% 7092.3 18.25 SF 0.50% 19.67
SF2 0.50% 7262.5 21.09
PF1 0.50% 6778.9 13.03 PF 0.50% 13.62
PF2 0.50% 6849.6 14.21
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formulation, based on experiences with beam-type
elements, should perhaps be revised for bidirec-
tional elements (slabs or plates with transversal
reinforcement).
– The contribution of the fibers to cracking control in
terms of crack width is significant when the
amount is doubled with most types of fibers (the
SF1 elements have shown a more similar behavior
with both amounts of fiber).
– The action of the fibers in service increases until it
reaches its maximum efficiency with crack widths
around 0.55 and 0.8 mm (depending on the type
and amount of fibers). The stabilization of the
action of the fibers takes place in ELU with values
close to a crack width of 1.2–1.4 mm.
– The short SF turn out to be the most active as
regards cracking control in the first stages of
formation.
– The contribution of the fibers and their efficiency
is the result of the global behavior of the fiber-
reinforced concrete, that is, of the superposition of
the following factors: concrete, fibers, adherence
loss and, in this case, also the conventional
reinforcement.
– The influence of fibers in deflection control is
visible at all stages of the test, but it is particularly
significant at serviceability limit state.
– The absorbed energy shows how for small
amounts of fiber (0.25%) there are hardly any
differences between the polypropylene fibers
(?9.02%) and SF (?9.75%), however doubling
the amount of fibers (0.50%) these differences
become more evident.
– The number of polypropylene fibers is greater than
the SF, the contribution of SF (highest form that
the plastic) is significantly doubling the contribu-
tion increased by doubling the amount.
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